In the design of many concrete structures, it is important to assess the amount of shrinkage that could occur because shrinkage could lead to extensive cracking or substantial prestress loss. A number of shrinkage models have been developed all over the world but they differ widely from each other, indicating that the shrinkage of concrete is dependent on the characteristics of the materials used and the local conditions. Early experimental studies in Hong Kong suggested that the shrinkage of Hong Kong concrete is considerably larger than that estimated using shrinkage models developed elsewhere. This is probably due to the local granite aggregate used. In order to resolve this problem and develop a shrinkage model for Hong Kong, a comprehensive testing programme using fibre-optic strain gauges to measure the shrinkage strain was launched. The shrinkage measurement lasted over 3 . 5 years and covered concrete mixes with and without pulverised fuel ash added and with paste volume varying from 30 to 40%.
Introduction
Shrinkage of reinforced concrete structures as the concrete dries after hardening is a natural phenomenon. It could lead to substantial shortening movement and, if the movement is restrained, serious cracking. The first two authors have been serving as independent consultants for some considerable time and have found that this is a common scene in Hong Kong, especially in podiums and car parks structurally connected to two or more core walls. In many cases, the shrinkage cracks formed have been causing aesthetic, water leakage and durability problems. Apart from cracking, shrinkage also causes prestress losses in prestressed concrete structures. As a result, the prestressing tendons have to be overstressed to allow for later prestress losses, thereby leading to significant increase in cost. To overcome these problems, it is necessary first of all to predict as accurately as possible the actual shrinkage strain of the concrete.
However, in Hong Kong, shrinkage measurement of concrete is not a common test and there have been few published data on the shrinkage of the local concrete.
Nevertheless, judging from the limited data available (Chai, 1980; City University of Hong Kong, 1995; China Light and Power, 1998) , it may be estimated that the ultimate shrinkage of the local concrete is of the order of 600 to 1000 ìå (note: 1 ìå ¼ 1310 À6 ), which on average is substantially larger than the predicted values by BS 5400 (BSI, 1990) , Model Code 1990 (MC-90) (CEB, 1993) , ACI-209 (ACI, 1997) or Eurocode 2 (BSI, 2004) . In fact, the shrinkage models contained in these codes consider different factors and differ widely from each other. One major reason for the large discrepancy between the shrinkage models is their ignorance of the type of aggregate used, which varies from place to place and has great influence on the shrinkage of concrete (Neville, 1995; Alexander and Mindess, 2005) . Hence, a shrinkage model developed from testing of concrete made with a particular type of aggregate is applicable only to concrete made with the same type of aggregate and shrinkage models developed elsewhere are not necessarily applicable in Hong Kong.
In Hong Kong, two types of aggregate, namely, volcanic and granite aggregates are used (Kwan et al., 1995) . Experience indicates that concrete made with the volcanic aggregate has smaller shrinkage. Nevertheless, the granite aggregate is more commonly used because of its lower potential risk of alkali-aggregate reaction. For the volcanic aggregate concrete, there is no acceptable method of shrinkage prediction and the shrinkage has to be estimated by shrinkage tests. For the granite aggregate concrete, the usual practice is to follow the shrinkage model given in BS 5400 and multiply the estimated shrinkage by a factor C s to allow for the larger anticipated shrinkage, as stipulated in the Structures Design Manual published by the Hong Kong government (Highways Department, 2006) . In the early editions of the manual, the factor C s was set equal to 4 . 0 while in the 2006 edition, the factor C s was set equal to 3 . 0. These high values for C s imply that the shrinkage of Hong Kong granite aggregate concrete is three to four times that of similar concrete in the UK. For many years, such implication has raised the question of whether the shrinkage of Hong Kong concrete is really that large and whether a new shrinkage model should be developed based on shrinkage tests carried out locally.
Literature search has identified hundreds of papers published on the shrinkage of concrete (Pickett, 1956; Troxell et al., 1958; Campbell-Allen and Holford, 1970; Bazant et al., 1987a Bazant et al., , 1987b Hansen and Almudaiheem, 1987; Bloom and Bentur, 1995; Bissonnette et al., 1999; Ayano and Wittmann, 2002; Barr et al., 2003) . However, despite extensive studies by many researchers, the mechanism of concrete shrinkage is not yet fully understood. This is reflected also in the large differences between the codified shrinkage models (ACI, 1997; BSI, 1990 BSI, , 2004 CEB, 1993) . Nevertheless, it is now clear that the major factors affecting concrete shrinkage include at least the aggregate properties, aggregate content, water content, cementitious materials, curing conditions, environmental conditions and member size and shape. Among these factors, the aggregate properties, curing conditions and environmental conditions are local factors because they are dependent on where the concrete is produced. Hence, unless the local factors are properly accounted for, it is difficult to develop an appropriate shrinkage model. In fact, the local granite rock has been found to have relatively high water absorption and relatively low elastic modulus (Lee et al., 2000) . These properties of the local granite rock are likely to be the main contributing factors to the large shrinkage of Hong Kong concrete. The present authors are currently investigating the effects of aggregate properties on concrete shrinkage (Kwan and Wong, 2007) , but since it takes time for completion, this investigation would not provide a quick solution.
In view of the above situation, the industry has requested shrinkage tests to be carried out so as to develop a shrinkage model for Hong Kong. In response, the authors launched a comprehensive shrinkage testing programme in 2003, as reported herein. A total of 72 concrete specimens were tested up to 3 . 5 years of drying. For measurement stability, fibre-optic strain gauges were used to measure the shrinkage strains. From the test results, the effects of pulverised fuel ash, paste volume, concrete grade and humidity are studied and a shrinkage model is developed.
Existing codified shrinkage models
In this section, the shrinkage models in British Standard BS 5400: Part 4: 1990 (BSI, 1990 , CEB-FIP Model Code 1990 (CEB, 1993 , ACI Committee 209 Report (ACI, 1997) and Eurocode 2: Part 1-1 (BSI, 2004) are reviewed and compared with each other.
British Standard BS 5400: Part 4: 1990 (BS 5400)
According to BS 5400, the shrinkage strain å sh (t) at time t after end of curing can be evaluated as the product of four partial coefficients, as given by
where K L depends on the relative humidity, K c depends on the composition of the concrete, K e depends on the effective thickness of the member, and K j defines the development of shrinkage with time t. The coefficients K L , K c , K e and K j are presented in the form of charts. From the chart for K L , it can be determined that at relative humidity (RH) levels of 90%, 70% and 50%, the values of K L are 115, 275 and 380 ìå, respectively. From the chart for K c , it can be seen that K c increases with both the cement content and the water/cement ratio, and generally ranges from 0 . 75 to 1 . 50. From the chart for K e , the corresponding values of K e at effective thickness of 100 mm, 200 mm, 300 mm and 400 mm may be obtained as 1 . 02, 0 . 80, 0 . 65 and 0 . 55, respectively. From the chart for K j , it can be seen that the shrinkage half-time varies from 20 days at an effective thickness of 50 mm to 400 days at an effective thickness of 400 mm.
CEB-FIP Model Code 1990 (MC-90)
In MC-90, the shrinkage å sh (t) at time t after end of curing is evaluated in terms of the ultimate shrinkage (å sh ) u and the time function â s (t) as
For the ultimate shrinkage (å sh ) u , the following formula is provided
where the coefficients å s ( f cm ) and â RH are given by
In the above, â sc is equal to 4, 5 and 8 for slow-hardening cements, normal or rapidly hardening cements, and rapidly hardening high-strength cements, respectively; f cm is the mean cylinder strength of the concrete (MPa); RH is the relative humidity (%). The time function â s (t) is given by
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in which h is the effective thickness of the concrete member, h 0 is a reference thickness taken as 100 mm and t is the time in days.
ACI Committee 209 Report (ACI-209) According to ACI-209, the shrinkage å sh (t) may be evaluated as a product of (å sh ) u and â s (t). The ultimate shrinkage (å sh ) u is given by
in which ª sh is a modification factor taken as the product of several multipliers
The multipliers ª rh , ª s , ª fa , ª cc , ª a and ª thk are to allow for the effects of relative humidity, slump, fine to total aggregate ratio, cement content, air content and effective thickness, respectively. On the other hand, the time function â s (t) is given by
Eurocode 2: Part 1-1 (Eurocode 2)
In Eurocode 2, the shrinkage å sh (t) is also evaluated as a product of (å sh ) u and â s (t). For the ultimate shrinkage (å sh ) u , the following formula is provided
in which k h is a coefficient depending on the effective thickness h to allow for the size effect, and the coefficients å s ( f cm ) and â RH are given by
In the above, AE ds1 is equal to 3, 4 and 6 for cement of class S, N and R, respectively, AE ds2 is equal to 0 . 13, 0 . 12 and 0 . 11 for cement of class S, N and R, respectively, f cm is the mean cylinder strength of the concrete (MPa) and RH is the relative humidity (%). On the other hand, the time function â s (t) is given by
Comparison of existing codified shrinkage models From the above, it can be seen that the existing shrinkage models do not quite agree with each other. For the same concrete, the predicted ultimate shrinkage strains by the four codified shrinkage models could differ from each other by up to 50%. The discrepancies in the predicted shrinkage half-time are even larger. In BS 5400, the shrinkage half-time ranges from 22 days at an effective thickness of 50 mm to 400 days at an effective thickness of 400 mm. In MC-90, the shrinkage half-time ranges from 29 days at an effective thickness of 50 mm to 1867 days at an effective thickness of 400 mm. In ACI-209, the shrinkage half-time is always equal to 35 days, regardless of the effective thickness. In Eurocode 2, the shrinkage half-time ranges from 14 days at an effective thickness of 50 mm to 320 days at an effective thickness of 400 mm. Nevertheless, the four codified shrinkage models have one feature in common: they all ignore the possible effects of the properties of the aggregate used.
It is not easy to judge which shrinkage model is better than the others. Herein, the selection of the shrinkage model to be adopted in Hong Kong would be based on how good the predicted ultimate shrinkage strains and shrinkage half-times agree with the test results obtained from the shrinkage testing programme. However, as will be shown later, as none of the above shrinkage models agree well with the test results, the selected shrinkage model has to be modified for application in Hong Kong.
Shrinkage testing programme
As the shrinkage of concrete could continue for a long time, it is important to choose a strain measurement device that is stable up to at least several years. Both electronic and fibre-optic strain gauges have been considered for measuring the shrinkage strains. Because of their higher stability and accuracy, fibre-optic strain gauges were chosen. The fibre-optic strain gauges used are of an embedded type, as shown in Figure 1 . Details of these strain gauges can be found from the website www.fiso.com. They are based on Fabry-Perot optical technology (Quirion and Ballivy, 2000) and their measurement range, resolution and accuracy are AE2000 ìå, 0 . 2 ìå and 0 . 5 ìå respectively. They were mounted into the moulds of the specimens before casting.
The concrete specimens were prismatic and of size 75 mm 3 75 mm 3 250 mm, as shown in Figure 2 . Steel moulds were used for casting the specimens. Immediately after casting, the trowelled surfaces of the specimens were covered with plastic sheets so that all surfaces of the specimens were protected from drying. At 24 h after casting, the specimens were demoulded and then cured by covering the whole lot of specimens with wet hessian until the age of 7 days. After the curing period, each concrete specimen was coated at the two end surfaces and the top and bottom surfaces with an impermeable polymer latex impregnated cementitious mortar so that only the two side surfaces would be subjected to drying. With only the two side surfaces subjected to drying, the effective thickness of each specimen is the same as the breadth of the specimen, that is 75 mm.
After coating, the specimens were placed inside two condition chambers, each controlled at the required temperature and relative humidity (RH), for the drying shrinkage tests. One chamber was maintained at 278C and 75% RH, while the other chamber was maintained at 278C and 50% RH. The temperature and humidity inside each chamber were continuously monitored and the results verified that in each chamber, the temperature was controlled at within AE28C of the required temperature and the RH was controlled at within AE5% of the required RH throughout the entire testing period. During the first month, the shrinkage strains were measured daily and thereafter, as the shrinkage slowed down, at successively reduced frequency. All the concrete mixes were produced using only locally available materials. Particularly, the local granite aggregate was used throughout and thus the test results are applicable to concrete mixes made with the local granite aggregate. A total of 18 concrete mixes were cast for testing. They were of grade 35 to 45 (the grade is defined as the characteristic 28-day cube compressive strength in MPa), with a target slump of 100 mm, with and without pulverised fuel ash (PFA) added and with paste volume varying from 30 to 40 %. They were designed based on the data of typical concrete mixes in Hong Kong provided by the local government. The basic mix data and mix proportions of the concrete mixes are presented in Tables 1 and 2 respectively.
The 18 concrete mixes may be divided into three groups. In the first, second and third groups, the paste volumes of the concrete mixes were set at 30%, 35% and 40% respectively. Apart from the difference in paste volume, the six concrete mixes in each group have the same paste compositions as the respective concrete mixes in the other groups. Basically, in each group, the first concrete mix (mix 1, 7 or 13) is of grade 35 and contains 25% PFA, the second concrete mix (mix 2, 8 or 14) is of grade 35 and contains no PFA, the third concrete mix (mix 3, 9 or 15) is of grade 40 and contains 25% PFA, the fourth concrete mix (mix 4, 10 or 16) is of grade 40 and contains no PFA, the fifth concrete mix (mix 5, 11 or 17) is of grade 45 and contains 25% PFA and the sixth concrete mix (mix 6, 12 or 18) is of grade 45 and contains no PFA. In each concrete mix, a workability admixture was added such that the measured slump was approximately 100 mm.
Each concrete mix was tested under two humidity conditions: (a) RH ¼ 75% (the yearly average RH in Hong Kong); and (b) RH ¼ 50%. For each concrete mix and each humidity condition, the shrinkage tests were carried out in duplicates with two identical specimens cast at the same time and tested side by side so that the validity of the test results could be verified by cross checking. Therefore, from each concrete mix, four prismatic specimens were cast for shrinkage tests. In addition, from each concrete mix, six 150 mm cube specimens were cast for cube compression tests at the ages of 7 days and 28 days. Altogether, 72 prismatic specimens and 108 cube specimens were cast for testing. Overall, the shrinkage testing programme lasted over four years with at least 3 . 5 years of shrinkage test results obtained for each concrete mix.
Test results
The strength and workability results of the concrete mixes are presented in Table 3 . From these results, it can be seen that the mean 28 day cube strengths of the various concrete mixes were each higher than the respective specified grade by a generous margin (this is a common practice in Hong Kong). On the other hand, the measured slump values were all within 65 to 100 mm.
To illustrate the development of shrinkage with time, the shrinkage-time curves of some concrete mixes at RH ¼ 75% and RH ¼ 50% are plotted in Figures 3 and  4 respectively. In each graph, the two shrinkage-time curves of the duplicated specimens cast from the same concrete and tested under the same conditions are plotted together. It is noteworthy that the two curves differ slightly, indicating that although the duplicated specimens are supposed to be identical, their shrinkage strains are not exactly the same. Nevertheless, the difference in shrinkage strain is, in all cases, less than 15%. Bearing in mind that the shrinkage of concrete is quite erratic, such variations in the measured shrinkage strains are regarded as acceptable. Among the 36 pairs of duplicated specimens, five pairs have in each pair only one specimen tested to the end owing to damage of the optical fibres (the optical fibres connecting the strain gauges to the readout unit were very fragile). In Note: Each cube strength result is the mean of three cubes cast from the same concrete and tested at the same time. ultimate shrinkage is determined as the shrinkage strain at the end of the shrinkage test (at least 3 . 5 years after end of curing) and the shrinkage half-time is determined as the time taken for the shrinkage to reach half of the ultimate shrinkage. As the duplicated specimens yield slightly different results, the ultimate shrinkage and shrinkage half-time of a concrete mix tested under certain specific conditions are taken as the average ultimate shrinkage and average shrinkage half-time of the duplicated specimens (or if one specimen has failed, those of the remaining specimen). The ultimate shrinkage and shrinkage half-time results so obtained are summarised in Table 4 . From these results, it is evident that for the concrete mixes tested, the ultimate shrinkage ranges approximately from 540 to 800 ìå, while the shrinkage half-time ranges approximately from 8 to 20 days.
To study the effects of PFA, the concrete mixes were designed in nine pairs such that the two mixes in each pair are of the same concrete grade and have the same paste volume but one mix contains PFA whereas the other mix contains no PFA. The nine pairs are: (mix 1 and 2), (mix 3 and 4), (mix 5 and 6), (mix 7 and 8), (mix 9 and 10), (mix 11 and 12), (mix 13 and 14), (mix 15 and 16) and (mix 17 and 18). In Figure 5 , the ultimate shrinkage and shrinkage half-time of the concrete mixes containing PFA are compared with the corresponding ultimate shrinkage and shrinkage half-time of similar concrete mixes containing no PFA. From this figure, it can be seen that the use of PFA has no obvious effect on the ultimate shrinkage but a certain effect on the shrinkage half-time. On average, for the same curing period of 7 days, the use of PFA shortens the shrinkage half-time by about 20%.
To study the effects of paste volume, the concrete mixes were designed in six sets each comprising three mixes such that the three mixes in each set have the same paste composition but different paste volumes of 30%, 35% and 40%. The six sets are: (mix 1, 7 and 13), (mix 2, 8 and 14), (mix 3, 9 and 15), (mix 4, 10 and 16), (mix 5, 11 and 17) and (mix 6, 12 and 18). In Figure 6 , the ultimate shrinkage and shrinkage halftime of the concrete mixes are plotted against the paste volume. From this figure, it is evident that as the paste volume increases from 30% to 35%, the ultimate shrinkage increases significantly while the shrinkage half-time decreases significantly. However, as the paste volume further increases from 35% to 40%, both the ultimate shrinkage and shrinkage half-time remain more or less the same.
To study the effects of concrete grade, the ultimate shrinkage and shrinkage half-time of the concrete mixes are plotted against the 28-day cube strength in Figure 7 . From the curves plotted in the figure, it can be seen that the ultimate shrinkage decreases significantly as the concrete strength increases but the shrinkage half-time appears to be insensitive to the concrete strength.
To study the effects of RH, the ultimate shrinkage and shrinkage half-time of the specimens tested at RH ¼ 50% are compared with those of the specimens tested at RH ¼ 75% in Figure 8 . The comparison reveals that at RH ¼ 50%, the ultimate shrinkage is about 11% larger and the shrinkage half-time is about 10% shorter than those at RH ¼ 75%.
All the shrinkage results presented above are those of drying shrinkage starting from the end of curing. The autogenous shrinkage, which occurred during the 7 days of curing, had also been measured and was found to be generally within 50 to 100 ìå. However, no definite relationship between the autogenous shrinkage and the various concrete mix parameters could be found.
Shrinkage model for Hong Kong concrete
The measured shrinkage strains of the concrete mixes have been compared with the predicted values by BS 5400, MC-90, ACI-209 and Eurocode 2. However, none of the shrinkage models given in these four codes agrees well with the measured results. For illustration, the measured ultimate shrinkage strains are compared with the predicted ultimate shrinkage strains by BS 5400 and Eurocode 2 in Table 5 .
From the comparison between the measured ultimate shrinkage strains and the predicted values by BS 5400, it can be seen that at RH ¼ 75%, the measured ultimate shrinkage strains are on average equal to 2 . 3 times the predicted values and at RH ¼ 50%, the measured ultimate shrinkage strains are on average equal to 1 . 7 times the predicted values. Hence, the predicted ultimate shrinkage strains by BS 5400 are much too low to be realistic and the shrinkage model given in BS 5400 should not be directly applied in Hong Kong. On the other hand, however, the current practice of adopting the shrinkage model in BS 5400 and multiplying the predicted shrinkage by a factor C s set equal to 3 . 0 (Highways Department, 2006) would overestimate the shrinkage by at least 30%.
From the comparison between the measured ultimate shrinkage strains and the predicted values by Eurocode 2, it can be seen that at RH ¼ 75%, the measured ultimate shrinkage strains are on average equal to 1 . 5 times the predicted values and at RH ¼ 50%, the measured ultimate shrinkage strains are on average equal to 1 . 1 times the predicted values. Hence, the predicted ultimate shrinkage strains by Eurocode 2 are also on the low side when compared with the measured results. Nevertheless, the shrinkage model given in Eurocode 2 is in better agreement with the measured ultimate shrinkage strains than the shrinkage model given in BS 5400.
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Shrinkage of Hong Kong granite aggregate concrete Magazine of Concrete Research, 2010, 62, No. 2 shrinkage models given in these four codes agrees well with the measured results. For the concrete mixes tested, the measured shrinkage half-time ranges within 8 to 20 days. It appears to be dependent on the presence of PFA, paste volume and RH. On the other hand, for an effective thickness of 75 mm, BS 5400, MC-90, ACI-209 and Eurocode 2 yield predicted shrinkage half-times of 38, 66, 35 and 26 days, respectively, which are independent of the presence of PFA, paste volume and RH. Although all these predicted shrinkage half-times differ quite significantly from the measured results, comparatively, the shrinkage model in Eurocode 2 is in much better agreement with the measured shrinkage half-times than the shrinkage models in the other codes. The exact reasons for the large differences between the shrinkage characteristics of the Hong Kong granite aggregate concrete and the theoretical predictions by BS 5400, MC-90, ACI-209 and Eurocode 2 are yet to be investigated. Some suggested possible reasons are (a) the local granite aggregate is not the same as the aggregates used in the concrete tests from which the formulae given in the various codified shrinkage models were derived (b) the assumed ambient temperature of 278C for the evaluation of concrete shrinkage in Hong Kong is significantly higher than in most other places (c) some other factors, such as the addition of PFA, paste volume, effective thickness, ambient temperature and relative humidity, whose effects are still not fully understood, have not been properly accounted for in the existing codified shrinkage models.
Hence, despite years of research, further research is still needed. Although a large amount of test results have been produced from the present testing programme, it is considered that the data available are not yet sufficient to develop a tailor made shrinkage model for the Hong Kong granite aggregate concrete. To deal with this situation, the strategy of selecting an existing codified shrinkage model that fits best with the test results and modifying the selected shrinkage model to cater for the local materials and local conditions is adopted. Based on the above comparison of the measured results with the respective predicted values by BS 5400, MC-90, ACI-209 and Eurocode 2, the shrinkage model in Eurocode 2 is selected to be the basis for deriving a shrinkage model for Hong Kong.
In Eurocode 2, the ultimate shrinkage (å sh ) u is evaluated as a product of k h , å s ( f cm ) and â RH , which account for the effects of the effective thickness, concrete grade and RH, respectively. For application in Hong Kong, it is proposed to add two additional multipliers â PV and C s in the evaluation of the ultimate shrinkage (å sh ) u , as given by the following equation:
The multiplier â PV is to account for the effect of the paste volume (or the aggregate content), which has been ignored in Eurocode 2, while the multiplier C s is to allow for the significantly larger shrinkage of the local concrete under the local conditions. According to Pickett (1956) , the multiplier â PV should be of the form a(PV) b , where PV is the paste volume expressed as a fraction of the concrete volume, and a and b are coefficients to be determined from the test results. By regression analysis of the data presented in Figure 6 and setting â PV ¼ 1 . 0 when PV ¼ 0 . 3, the following formula for â PV is obtained
However, it is found that whatever numerical value is assigned to the multiplier C s , the Equation 14 would tend to underestimate the shrinkage at RH ¼ 75% or overestimate the shrinkage at RH ¼ 50%. To resolve this problem, the original formula given in Eurocode 2 for â RH has to be modified. By regression analysis of the data presented in Table 4 and setting â RH to have the same value as that given by the original formula when RH ¼ 0 . 75, the modified formula for â RH is derived as
Lastly, the multiplier C s has been found by regression analysis of all the data available to be 1 . 39. After adding the multipliers â PV and C s , and modifying the formula for â RH , the predicted ultimate shrinkage strains by Equation 14 agree quite well with the measured results, as illustrated in Figure 9 . Comparison of the predicted values by Equation 14 with the measured results shows that within the range of parameters covered, the errors in the predicted ultimate shrinkage strains are generally within AE150 ìå and the rootmean-square percentage error is 8 . 3%. On the other hand, although the measured shrinkage half-times are significantly shorter than the predicted values by Eurocode 2, it is difficult, without further studies, to make any changes to the time function â s (t) in Eurocode 2. Hence, it is proposed to just adopt the formula given in Eurocode 2 for â s (t).
Summarising, the shrinkage model for the Hong Kong granite aggregate concrete is presented as follows. The shrinkage å sh (t) at time t after end of curing is to be evaluated as a product of the ultimate shrinkage (å sh ) u and the time function â s (t). For the ultimate shrinkage (å sh ) u , the formula is given by Equation 14, in which C s ¼ 1 . 39, k h and å s ( f cm ) are the same as those in Eurocode 2, â PV is given by Equation 15 and â RH is given by Equation 16. For the time function â s (t), the same formula in Eurocode 2, that is Equation 13, should be used.
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Conclusions
The shrinkage models in BS 5400, MC-90, ACI-209 and Eurocode 2 have been reviewed. It was found that they consider different factors and do not agree with each other. More importantly, none of them would yield accurate predictions of the ultimate shrinkage and shrinkage half-time for the Hong Kong granite aggregate concrete. Hence, researchers in Hong Kong need to carry out their own shrinkage tests to establish their own shrinkage model. However, as a huge amount of tests are required to develop a brand new shrinkage model, a more practical solution is to select among these shrinkage models the one which best fits the shrinkage characteristics of the local concrete under the local conditions and modify the selected shrinkage model based on shrinkage tests to suit Hong Kong applications.
To establish the shrinkage characteristics of the Hong Kong granite aggregate concrete, 18 concrete mixes, of grade 35 to 45, with and without pulverised fuel ash added, and with paste volume varying from 30% to 40%, were tested at temperature of 278C and RH of 75% and 50%. The results reveal that the ultimate shrinkage decreases as the concrete grade or RH increases but increases as the paste volume increases. On the other hand, the shrinkage half-time is shorter when the concrete contains pulverised fuel ash, the paste volume is larger or the RH is lower. Overall, the ultimate shrinkage is larger and the shrinkage half-time is shorter than predicted by the existing codified shrinkage models. Comparatively, the shrinkage model in Eurocode 2 fits best with the measured results.
Based on the measured results, the shrinkage model in Eurocode 2 is modified by adding two multipliers â PV and C s into the formula for the ultimate shrinkage, as depicted in Equation 14, and changing the formula for the multiplier â RH , as depicted in Equation 16, to become a new shrinkage model for application in Hong Kong. Within the range of parameters covered in the study, this new shrinkage model yields predicted ultimate shrinkage strains, which are generally accurate to an absolute error of AE150 ìå or a root-mean-square percentage error of 8 . 3%. 
